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Summary

Monocyte-derived macrophages (MDMs) generated from peripheral blood

monocytes are widely used to model human macrophages for in vitro

studies. However, the possible impact of different isolation methods on

the resulting MDM phenotype is poorly described. We aimed to investi-

gate the effects of three commonly used monocyte isolation techniques on

the resulting MDM phenotype. Plastic adhesion, negative selection, and

CD14pos selection were compared. Monocyte-derived macrophages were

generated by 5-day culture with macrophage and granulocyte–macrophage

colony-stimulating factors. We investigated monocyte and MDM yields,

purity, viability, and cell phenotype. CD14pos selection resulted in highest

monocyte yield (19�8 3 106 cells, equivalent to 70% of total) and purity

(98�7%), compared with negative selection (17�7 3 106 cells, 61% of total,

85�0% purity), and plastic adhesion (6�1 3 106 cells, 12�9% of total,

44�2% purity). Negatively selected monocytes were highly contaminated

with platelets. Expression of CD163 and CD14 were significantly lower on

CD14pos selection and plastic adhesion monocytes, compared with

untouched peripheral blood mononuclear cells. After maturation, CD14pos

selection also resulted in the highest MDM purity (98�2%) compared with

negative selection (94�5%) and plastic adhesion (66�1%). Furthermore,

MDMs from plastic adhesion were M1-skewed (CD80high HLA-

DRhigh CD163low), whereas negative selection MDMs were M2-skewed

(CD80low HLA-DRlow CD163high). Choice of monocyte isolation method

not only significantly affects yield and purity, but also impacts resulting

phenotype of cultured MDMs. These differences may partly be explained

by the presence of contaminating cells when using plastic adherence or

negative selection. Careful considerations of monocyte isolation methods

are important for designing in vitro assays on MDMs.

Keywords: CD163; cell culture; macrophage; monocyte; monocyte-derived

macrophage.

Introduction

Macrophages have important functions in health and dis-

ease, including vital homeostatic functions.1 Macrophages

present with a spectrum of different phenotypes, ranging

from pro-inflammatory (M1-like) to anti-inflammatory

(M2-like) macrophages, which should be considered as

two extremes of a continuum.2 M2-like macrophages are

further subdivided into M2a, M2b, and M2c macro-

phages.2 Polarization of macrophages in vitro, can be

accomplished by stimulation with lipopolysaccharide

(LPS) and interferon-c (IFN-c) (M1 polarization), or

Abbreviations: FCS, fetail calf serum; GM-CSF, granulocyte–macrophage colony-stimulating factor; IFN, interferon; IL, inter-
leukin; LPS, lipopolysaccharide; M-CSF, macrophage colony-stimulating factor; MDM, monocyte-derived macrophage; PBMC,
peripheral blood mononuclear cell; PBS, phosphate-buffered saline; sCD163, soluble CD163; sCD206, soluble CD206; TLR, toll-
like receptor; TNF, tumor necrosis factor
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interleukin-4 (IL-4) and IL-13, or IL-10 (M2a and M2c

polarization, respectively).2,3 Interestingly, macrophages

are highly plastic cells, with the ability to switch between

phenotypes and polarization states.4 Because of this plas-

ticity, it is important to know how in vitro culture tech-

niques impact polarization and phenotype of the

monocyte-derived macrophages (MDMs).

Monocytes are macrophage precursors and together they

constitute an important part of the mononuclear phagocyte

system.5 Ex vivo monocytes are divided into three distinct

subpopulations based on their expression of CD14 and

CD16: classical monocytes with CD14high CD16neg expres-

sion, intermediate monocytes with CD14high CD16pos, and

non-classical monocytes with CD14low CD16high.6 Ex vivo

monocytes purified from healthy donor peripheral blood

mononuclear cells (PBMCs) are a key source of monocytes,

and MDMs are the principal source of cells for in vitro

studies in human macrophages.

Different methods have been employed to purify

monocytes from PBMCs. Three commonly used methods

are plastic adhesion and magnetic bead-based immuno-

isolation kits (negative and CD14pos selection). It is

important that the method chosen produce pure mono-

cyte/MDM populations with low contamination by lym-

phocytes, granulocytes, and platelets. Further, it is

important to know how the methods alter or activate the

isolated cells, because skewing of phenotype and function-

ality may affect experimental results.

Previous studies evaluating the effects of different mono-

cyte isolation methods have primarily focused on the

resulting monocytes and monocyte-derived dendritic cells,

whereas the impact on the subsequent MDMs generated

from purified monocytes is poorly described. The observed

effects of different monocyte isolation methods on mono-

cytes and monocyte-derived dendritic cells differ widely

between studies7–20 making it difficult to deduce the effects

of monocyte isolation methods on MDMs (see Supplemen-

tary material, Table S1, for overview of refs 8–21). There-
fore, the purpose of the present study was to evaluate the

effects of the three commonly used monocyte isolation

methods, plastic adhesion, negative selection, and CD14pos

selection, on resulting human monocytes and MDMs.

Materials and methods

Isolation of PBMCs

Buffy coats (�50 ml) from six anonymous healthy donors

were obtained from the blood bank at the Department of

Clinical Immunology, Aarhus University Hospital, Aar-

hus, Denmark (project no. 0094). According to Danish

law, the use of anonymized buffy coats does not require

specific ethical approval.

The PBMCs were isolated from buffy coats. The buffy

coats were diluted 1 : 2 in 0�9% NaCl, and the PBMCs

were isolated using density gradient centrifugation on a

Histopaque-1077 gradient (Sigma-Aldrich, Munich, Ger-

many). Centrifugation was performed at room tempera-

ture, 400 g, for 30 min. After isolation, cells were washed

once in phosphate-buffered saline (PBS) with 2% fetal

calf serum (FCS) (ThermoFisher Scientific, Waltham,

MA) and 1 mM EDTA (Merck Millipore, Burlington,

MA). Subsequently, PBMCs were split in three: 50% used

for plastic adhesion and 25% for both negative and

CD14pos selection. Hence, the plastic adhesion yield

results were divided by 2.

Monocyte isolation

Monocytes were isolated in parallel by either CD14pos

selection with EasySepTM Human CD14 Positive Selection

Kit II, negative selection with EasySepTM Human Mono-

cyte Isolation Kit (Stemcell Technologies, Vancouver,

Canada), or by plastic adherence as described below.

Negative and CD14pos selection. After PBMC isolation,

cells were washed again in PBS with 2% FCS and 1 mM

EDTA, resuspended in the appropriate buffer, and mono-

cytes were isolated by either negative or CD14pos selec-

tion, using immunoselection according to the

manufacturer’s protocol.

Briefly, PBMCs for CD14pos selection were diluted to

1 9 108 cells/ml and incubated with 100 µl/ml selection

antibody cocktail for 10 min before the addition of

100 µl/ml RapidSpheres. After an additional 5 min incu-

bation, PBMCs were placed in the ‘Big Easy’ magnet

(StemCell Technologies) for 3 min, the supernatant con-

taining non-monocyte cells was poured off, and the

monocytes were resuspended in PBS (2% FCS, 1 mM

EDTA). This was repeated three times. After isolation,

CD14pos-selected monocytes were washed in PBS (1%

FCS), and resuspended in complete maturation medium

(see below for details), and placed in the incubator.

For negative selection, PBMCs were diluted to

5 9 107 cells/ml and incubated with 50 µl/ml isolation

antibody cocktail and 50 µl/mL platelet removal cocktail

for 5 min before the addition of 50 µl/ml RapidSpheres.

After an additional 5 min of incubation, PBMCs were

placed in the magnet for 3 min and the supernatant, con-

taining monocytes, was collected and washed in PBS (1%

FCS). The monocytes were resuspended in complete mat-

uration medium and placed in the incubator.

Plastic adhesion. The PBMCs were washed once in PBS

with 2% FCS and resuspended in RPMI-1640 (Thermo-

Fisher Scientific) with 10% human AB serum (Sigma-

Aldrich). For monocyte isolation, 1 9 108 to 2 9 108

PBMCs were plated in 1 NuclonTM Delta surface treated

T-75 cell culture flasks (ThermoFisher Scientific) at

1 9 107 to 2 9 107 PBMCs/ml in 10 ml, and allowed to
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adhere in a 5% CO2 container at 37° for 1 hr. Non-ad-

herent cells were removed by thorough washing with

RPMI-1640. Adherent cells were harvested after 15 min

of incubation in PBS with ‘detach buffer’; 0�5% bovine

serum albumin, 5 mM EDTA, and 4 mg/ml lidocaine

hydrochloride monohydrate (Sigma-Aldrich) using a cell

scraper. Monocytes were washed in PBS with 1% FCS,

and resuspended in complete maturation media.

Maturation of monocytes to monocyte-derived macro-
phages

For MDM differentiation, purified cells were cultured in

non-treated T-75 flasks in complete maturation media

(RPMI-1640 with 10% FCS, 100 U/100 µg/ml penicillin/

streptomycin (ThermoFisher Scientific), 10 ng/ml macro-

phage colony-stimulating factor (M-CSF) (Peprotech,

Stockholm, Sweden), and 1 ng/ml granulocyte–macro-

phage colony-stimulating factor (GM-CSF) (Peprotech)

for 5 days for MDM differentiation. Media were changed

every 2–3 days.

Monocyte-derived macrophage stimulation

After MDM differentiation, cells were harvested using

detach buffer, and MDMs derived from each purification

method were stimulated with either 100 ng/ml LPS and

20 ng/ml IFN-c (M1-stimulation), 10 ng/ml IL-4 and

10 ng/ml IL-13 (M2a stimulation), 10 ng/ml IL-10 (M2c

stimulation) or left untreated (UT) for 24 hr. For each

stimulation, two wells were prepared, one for flow cyto-

metric analysis and one for RNA isolation. The MDMs

for flow cytometry were harvested using detach buffer.

Yield and viability

Cell yield and viability were measured on a NucleoCoun-

ter� NC-250TM using Solution 18 containing Acridine

Orange and DAPI (ChemoMetic A/S, Allerod, Denmark).

Flow cytometry

Antibody staining for flow cytometry was done in stain

buffer (PBS, 0�5% BSA, 0�09% NaN3) at 4° in the dark for

30 min, followed by washing in stain buffer and fixation in

PBS with 0�9% formaldehyde. Cells were stained with the

following antibodies: mouse anti-human antibodies: anti-

CD14 V450 (clone MøP9, conc. 1�5 µg/ml), anti-CD45

AF700 (clone HI30, conc. 2�5 µg/ml), anti-CD80 V450

(clone L307�4, conc. 0�2 µg/ml) from BD Biosciences

(Erembodegem, Belgium), anti-CD11b BV510 (clone

ICRF44, conc. 1�5 µg/mL), anti-HLA-DR fluorescein isoth-

iocyanate (clone L243, conc. 6 µg/mL), anti-CD16 AF647

(clone 3g8, conc. 1�0 µg/ml), anti-CD206 allophycocyanin

(clone 15-2, conc. 3 µg/ml) from Biolegend (San Diego,

CA), anti-CD163 phycoerythrin (clone Mac2-158, conc.

0�4 µg/ml) from Trillium Diagnostics (Brewer, ME), anti-

CD56 phycoerythrin (clone N901, conc. 0�1 µg/ml) from

Beckman Coulter (Brea, CA) and humanized anti-Toll-like

receptor 2 (TLR2) phycoerythrin-Vio770 (REA109, conc.

2�2 µg/ml), anti-CD3 Vioblue (REA613, conc. 4�4 µg/ml),

anti-CD19 allophycocyanin (REA675, conc. 0�1 µg/ml)

from Miltenyi Biotec (Bergisch Gladbach, Germany). In

addition, cells were stained with live/dead fixable dye near-

IR (ThermoFisher Scientific) to identify live cells. Reagents

were titrated for optimal performance. Blocking of non-

specific binding was achieved with purified human IgG

(Beriglobin) (CSL Behring, Pennsylvania).21

Spectral overlap compensation was performed using

single-stained antibody capture beads, BDTM CompBeads

Plus (BD Biosciences), OneComp eBeadsTM (Thermo-

Fisher), or MACS� Comp Bead Kit anti-REA (Miltenyi

Biotec), and ArCTM Amine Reactive Compensation Bead

Kit for Live/dead (ThermoFisher).

Flow cytometry data was acquired on a Navios flow

cytometer (Beckman Coulter) and flow cytometry data

was analyzed using FLOWJO 10�4 for Windows (FlowJo,

LLC, Ashland, OR).

Immediately after monocyte purification, cells isolated

using all three methods, along with PBMCs before isola-

tion, were stained with live/dead and the following anti-

body panels: Monocyte panel: Anti-CD11b, -CD14, -CD16,

-CD45, -CD163, -HLA-DR, -TLR2 or Lymphocyte panel:

Anti-CD3, -CD19, -CD45, -CD56, -TLR2. Monocytes were

identified as CD11b- and TLR2-positive events.22

After MDM maturation and stimulation, cells isolated

using all three methods were stained with live/dead and the

following antibody panels: MDM panel: Anti-CD45, -

CD80, -CD163, -CD206, -HLA-DR, or Lymphocyte panel:

Anti-CD3, -CD11b, -CD15, -CD19, -CD45, -CD56, -TLR2.

Soluble proteins and cytokine measurements

Soluble CD163 and sCD206 were measured using in-

house enzyme-linked immunosorbent assays as described

in refs 23,24 with the alteration that analysis for this study

was performed on an automated system, BEP 2000 (Sie-

mens Healthcare Diagnostics, Munich, Germany). For

sCD163 and sCD206 analyses, media samples were

diluted 1 : 5 in PBS/albumin buffer, pH 7�2. Tumor

necrosis factor-a (TNF-a) and IL-6 were measured using

Human TNF-a DuoSet ELISA and Human IL-6 DuoSet

ELISA (R&D Systems, Minneapolis, MN), according to

the manufacturer’s instructions.

RNA extraction and quantitative PCR

RNA from the stimulated MDMs was extracted using a

QIAamp� RNA Blood Mini Kit (Qiagen, Sollentula, Swe-

den) according to the manufacturer’s protocol. In short,
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the cells were lyzed in RLT buffer and mixed with 70%

ethanol. Samples were transferred to QIAamp spin col-

umns, centrifuged and washed in RW1 buffer. After

washing, the samples were treated with DNase for 15 min

at room temperature, washed, centrifuged, and resus-

pended in H2O. RNA concentrations were measured by

NanoDrop 2000 spectrophotometer (ThermoFisher Scien-

tific).

Purified RNA was reverse transcribed to cDNA using

the iScriptTM Advanced cDNA Synthesis Kit (Bio-Rad,

Hercules, CA) performed at 42° for 30 min followed by

1 min at 95°. RNA input was 100 ng in a 20-µl reaction.
Quantitative polymerase chain reaction was performed

using a LightCycler 480 (Roche, Basel, Switzerland). The

reaction was performed with 1 µl cDNA in a 10 µl vol-
ume with primers and 5 µl SYBR Green MasterMix

(Roche). For primer sequences, see Supplementary mate-

rial (Table S2). Samples were pre-incubated at 95° for

10 min, followed by 50 amplification cycles of 95° for

10 seconds, primer-specific annealing temperature for

20 seconds and 75° for 5 seconds.

Statistical analyses

All statistical analyses were performed using GRAPHPAD

PRISM 7�04 for Windows. Normally distributed data and

log-normally distributed data (after transformation) were

analyzed using analysis of variance or repeated measures

analysis of variance with Tukey’s multiple comparisons

test, whereas non-normally distributed data were analyzed

using Friedman test and Dunn’s multiple comparisons

test.

Results

A flowchart showing the study design, and analyses per-

formed at each step is shown in Fig. 1.

Impact of isolation methods on resulting monocyte
populations

Isolating monocytes from PBMCs is a common way of

obtaining purified monocytes for in vitro studies. We

wanted to explore the effects of different monocyte isola-

tion methods on cell yield, viability, and purity as well as

monocyte phenotype.

Peripheral blood mononuclear cells were isolated from

six donors with a median PBMC count of 665�5 9 106

total cells with range (399�0 9 106 to 750�0 9 106) and

median viability of 97�8% (89�0–98�6). Median monocyte

percentage in PBMCs was 15% (8�9–28�8), giving a med-

ian monocyte count in PBMC samples of 97�4 9 106

(35�4 9 106 to 193�8 9 106) cells. For monocyte isola-

tion, PBMCs were divided into three; 50% of the PBMCs

was used for plastic adhesion isolation, while 25% was

used for negative and CD14pos selection each. Plastic

Buffycoat
50 ml
n = 6

Gradient
Centrifugation

PBMC
40 ml
n = 6

PBMC
20 ml
n = 6

Plastic
Adhesion

Monocytes
n = 6

MDM
n = 6

MDM
n = 6

UT

M0
MDM
n = 6

M1
MDM
n = 6

M2A
MDM
n = 6

M2C
MDM
n = 6

LPS+
IFNγ
IL-4+
IL-13

IL-10

MDM
n = 6

Cell count
Viability
Flow cytometry:

HLA-DR
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Viability
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qPCR:
- IL-6, TNF-α, CD163, CD206

Flow cytometry: Flow cytometry:

CD206
ELISA:

sCD206
- IL-6, TNF-α, sCD163,

HLA-DR

- Purity - Purity
- CD80, HLA-DR, CD163,- Subpopulations
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- CD14, CD16, CD163,
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n = 6
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n = 6

M-CSF+
GM-CSF 

5 days

Negative
Selection
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Selection

PBMC
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n = 6

PBMC
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Figure 1. Experiment flow chart. The present study was conducted as described above.
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adhesion yields were normalized to account for higher

PBMC starting count.

CD14pos selection results in the highest monocyte
yield and purity

Purifying monocytes using negative or CD14pos selection

resulted in the highest total cell yield, with medians

(range) 17�7 9 106 (12�0 9 106 to 37�0 9 106) cells (me-

dian 60�8% of total number of monocytes in PBMCs)

and 19�8 9 106 (12�0 9 106 to 32�0 9 106) cells (median

70�1% of PBMCs), respectively, compared with 6�1 9 106

(4�0 9 106 to 20�0 9 106) cells (median 12�9% of

PBMCs) with plastic adhesion (P = 0�002 for both). Fur-

thermore, monocytes isolated with negative or CD14pos

selection displayed slightly higher viability, 97% and 96%,

respectively, compared with 90% with plastic adhesion

(P < 0�005 for both, Table 1). Monocyte purity was eval-

uated using flow cytometry (Fig. 2a). We observed high

platelet contamination in monocyte populations isolated

with both negative selection and plastic adhesion (result-

ing in low monocyte count as % of all events Table 1).

Evaluating monocyte purity as percentage of CD45pos

leukocytes, CD14pos selection resulted in the purest

monocyte population with 99% monocytes. Negative

selection resulted in a slightly lower monocyte purity with

85% monocytes (P = 0�01), whereas plastic adhesion

resulted in the lowest monocyte purity with only 44%

monocytes (P < 0�0001 for comparison with both nega-

tive and CD14pos selection). Plastic adhesion leukocyte

contamination was primarily with lymphocytes. Hence,

when multiplying cell yield with purity, the total mono-

cyte yields were (medians) 2�5 9 106 monocytes for plas-

tic adhesion, 14�5 9 106 monocytes for negative selection,

and 19�5 9106 monocytes for CD14pos selection (Table 1).

Isolation methods markedly affect monocyte
subpopulations

We evaluated the distribution of different monocyte sub-

populations (classical, intermediate, and non-classical) by

flow cytometry (Fig. 2b, Table 2), in monocytes isolated

with the different techniques as well as ‘untouched’

PBMCs as native control.

The native monocytes comprised 74% classical mono-

cytes (CD14high CD16neg), 10% intermediate monocytes

(CD14high CD16pos), and 9% non-classical monocytes

(CD14low CD16high) (median levels, Table 2). Negative

selection resulted in a statistically significantly different

distribution of monocyte subpopulations compared with

PBMCs, with a higher percentage of classical monocytes

(94%, P = 0�02), and virtually no intermediate and non-

classical monocytes (0�05% for both) (P = 0�003 and

P = 0�04, respectively), which is a consequence of anti-

CD16 in the selection cocktail. CD14pos selection resulted

in a lower percentage of intermediate monocytes com-

pared with PBMCs (2% versus 10%, P = 0�01). No differ-

ence in classical and non-classical subpopulations was

observed.

Plastic adhesion resulted in a comparable distribution

of monocyte subpopulations as PBMCs (all P > 0�99),
but with large lymphocyte contamination as described

above.

Surface marker expression on isolated monocytes
differ between isolation methods

In addition to evaluating the distribution of the different

monocyte subpopulations, the surface expression of HLA-

DR, CD14, and CD163 was evaluated by flow cytometry

(Fig. 2c, see Supplementary material, Fig. S1 for gating

strategy).

We found that purified monocytes, regardless of the

isolation method, expressed lower amounts of the M2

macrophage marker CD163 compared with native mono-

cytes. Plastic adhesion, negative and CD14pos selection

monocytes expressed 50%, 70%, and 58% (median) of

native monocyte CD163 expression, respectively

(P < 0�003 for all). For HLA-DR, only plastic adhesion

monocytes displayed different expression levels compared

with native monocytes (1�2 times higher, P < 0�0001),
whereas both plastic adhesion and CD14pos selected

monocytes displayed lower CD14 expression (51% and

Table 1. Monocyte yield, viability, and purity of plastic adhesion, negative and CD14pos selection1

Method

Total cell yield

(9106 cells) Viability (%)

Purity (%)

of all events

Purity (%) of

CD45pos cells

Live monocyte

yield (9106 cells)

Plastic adhesion 6�1 (4�0–20�0) 89�9 (85�0–94�6) 25�0 (11�2–46�8) 44�2 (32�7–67�1) 2�5 (1�7–13�42)
Negative selection 17�7 (12�0–37�0) 96�9 (94�7–98�5) 7�8 (2�7–48�9) 85�0 (70�5–93�0) 14�5 (10�2–32�5)
CD14pos selection 19�8 (12�0–32�0) 95�7 (92�5–97�9) 96�9 (78�6–97�4) 98�7 (97�0–99�2) 19�5 (11�7–31�6)

Monocytes were isolated from peripheral blood mononuclear cells (PBMCs) using either plastic adhesion, negative, or CD14pos selection. Mono-

cyte yield and viability were measured using NucleoCounter� NC-250TM. Monocyte purity was evaluated using flow cytometry. Monocytes were

identified as CD11b/TLR2 positive events. Purity is given as percentage monocytes of total events (Purity (%) of all events) and as percentage

monocytes of live CD45pos events (Purity (%) of CD45pos cells).
1Data is presented as median with range.
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50% of native monocytes expression level, respectively.

P < 0�02).

Impact of isolation methods on resulting MDMs

Little is known about the effects of the different mono-

cyte isolation methods on the differentiated MDMs.

Here, we evaluated the methods based on MDM yield,

viability, and purity as well as the resulting MDM phe-

notype.

Plastic adhesion results in low cell count, low
viability, and low MDM purity

Yield of MDMs was evaluated based on both total num-

ber of cells after purification, and as a percentage of
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monocytes initially seeded (Table 3). Negative and

CD14pos selection resulted in higher total cell yield com-

pared with plastic adhesion (P < 0�0001), and negative

selection as a percentage of seeded monocytes compared

with plastic adhesion and CD14pos selection (P < 0�03,
Table 3). Hence, a larger percentage of plastic adherent

and CD14pos isolated cells were lost during maturation.

Further, viability measurements showed that MDMs

matured from plastic adhesion monocytes had lower via-

bility than MDMs from both negative (P = 0�0002) and

CD14pos (P = 0�0002) selected monocytes.

After maturation, MDM purity was evaluated using

flow cytometry. We observed high contamination with

CD45neg events in MDMs from plastic adhesion com-

pared with negative (P = 0�0004) and CD14pos selection

(P = 0�0002, Fig. 3, Table 3). Negative and CD14pos selec-

tion displayed low contamination with other leukocytes

(94�5% and 98�2% MDMs of CD45pos cells, respectively),

whereas cell populations from plastic adhesion had signif-

icantly higher contamination (66�1% MDMs of CD45pos

cells). The contaminating cells in plastic adhesion MDMs

consisted primarily of CD45pos lymphocytes (median

40�1% natural killer cells, 26�4% B cells, 18�6% T cells,

1�19% natural killer T cells. see Supplementary material,

Fig. S4).

Different monocyte isolation methods affect the
resultant MDM phenotype

To explore whether different monocyte purification meth-

ods influence the capability of resulting MDMs to polar-

ize in response to external stimuli, MDMs were

stimulated with either LPS + IFN-c, IL-4 + IL-13, or IL-

10 to generate M1-, M2a- and M2c-like cells, respectively.

After 24 hr stimulation, the resultant MDM phenotype

was evaluated by gene expression (IL-6, TNF-a, CD163,
and CD206, Fig. 4), surface protein expression of CD80,

HLA-DR, CD163, and CD206 (Fig. 5), as well as soluble

proteins in the medium (IL-6, TNF-a, sCD163, and

sCD206, Fig. 6).

Regardless of isolation method, LPS + IFN-c stimula-

tion resulted in cells with an M1-like pro-inflammatory

phenotype with increased IL-6 and TNF-a mRNA and

protein expression and increased membrane expression of

CD80 and HLA-DR, as expected. Stimulation with IL-

4 + IL-13 resulted in an M2a-like phenotype with

increased mRNA and membrane protein expression of

CD206. Finally, IL-10 stimulation resulted in cells with an

M2c-like phenotype with increased mRNA and mem-

brane protein expression of CD163, as expected.

Hence, all three isolation methods yielded MDMs that

responded appropriately to stimuli. However, the

Table 2. Monocyte subset distribution with plastic adhesion, negative selection, and CD14pos selection1

Method Classical (%) Intermediate (%) Non-classical (%)

PBMCs 74�1 (70�9–86�1) 10�1 (4�9–10�9) 8�9 (1�4–15�0)
Plastic adhesion 57�9 (44�0–88�6) 8�0 (1�3–14�6) 18�5 (1�8–35�0)
Negative selection 93�7 (92�3–98�6) 0�05 (0�03–0�4) 0�05 (0�01–0�6)
CD14pos selection 90�9 (79�9–93�3) 2�0 (0�3–2�7) 3�7 (0�8–10�1)

Monocytes were isolated from peripheral blood mononuclear cells (PBMCs) using either plastic adhesion, negative selection, or CD14pos selec-

tion. The distributions of monocyte subpopulations were analyzed by flow cytometry. Peripheral blood mononuclear cells were included to dis-

play the native monocyte subpopulation distribution profile. Cells were gated as described in Fig. 2.
1Data is presented as median with range.

Table 3. Monocyte-derived macrophage (MDM) yield, viability, and purity of MDMs matured from monocytes isolated with plastic adhesion,

negative selection, and CD14pos selection1

Method

Total cell yield

(x106 cells)

MDM yield (% of

seeded monocytes) Viability (%)

Purity (%) of

total events

Purity (%) of

CD45pos Cells

Plastic adhesion 2�2 (1�6–8�0) 43�0 (31�5–86�2) 79�9 (70�8–89�7) 39�0 (22�0–47�1) 66�1 (37�6–76�2)
Negative selection 14�0 (9�4–27�0) 87�5 (76�2–99�9) 93�7 (92�4–97�6) 67�1 (47�7–84�1) 94�5 (88�0–97�0)
CD14pos selection 12�4 (8�8–18�0) 63�5 (53�7–74�6) 96�4 (85�5–97�1) 72�8 (52�6–85�5) 98�2 (96�4–98�7)

Monocytes were isolated from PBMCs using either plastic adhesion, negative, or CD14pos selection, and matured to monocyte-derived macro-

phages (MDM) with macrophage colony-stimulating factor (M-CSF) and granulocyte–macrophage colony-stimulating factor (GM-CSF) for

5 days. Monocyte-derived macrophage yield and viability were measured using NucleoCounter� NC-250TM. In addition, MDM yield is given as

percentage MDMs of total number of isolated monocytes (Yield (% of monocytes)). Monocyte-derived macrophage purity was evaluated using

flow cytometry. Monocyte-derived macrophages were identified as CD11b/TLR2 positive events. Purity is given as percentage MDMs of total

events (Purity (%) Total events) and as percentage MDMs of CD45pos events (Purity (%) CD45pos cells).
1Data is presented as median with range.
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different isolation techniques showed significant differ-

ences in the degree of response for the individual MDM

phenotype markers.

We observed no difference in IL-6, TNF-a, or CD206

gene expression between isolation methods, but CD14pos

and negative selected MDMs had higher CD163 gene

expression levels (range 1�4-fold to 8�3-fold higher) com-

pared with plastic adhesion MDMs (P < 0�05 for all,

Fig. 4). Negative selection, in general, also resulted in

MDMs with higher CD163 membrane surface expression,

compared with CD14pos selection and in particular plastic

adhesion (between 2�0 and 7�0 times higher CD163 MFI,

P < 0�01 for all, Fig. 5).

Plastic adhesion MDMs displayed higher surface

expression of CD80 and HLA-DR than negative and

CD14pos selection MDMs (range 1�2-fold to 1�6-fold
higher CD80 expression, and 1�6-fold to 2�3-fold higher

HLA-DR expression, P < 0�03 for all). No difference in

CD206 membrane surface expression between isolation

methods was observed (Fig. 5).

CD14pos selected MDMs had increased release of IL-6

and TNF-a (range 2�4-fold to 3�9-fold), especially after

LPS + IFN-c stimulation (P < 0�03 for all), compared

with negative selected and plastic adhesion MDMs. Fur-

thermore, negative and CD14pos selected MDMs had sig-

nificantly higher release of sCD163 and sCD206 (range

1�7-fold to 5�3-fold increase) compared with plastic adhe-

sion MDMs (P < 0�04 for all). Negative selected MDMs

generally had higher sCD163 release, whereas sCD206

release was higher in CD14pos selected MDMs (Fig. 6).

Discussion

In the present study, we have performed a comprehensive

comparison of three widely used techniques for isolation

of human monocytes from PBMCs. We show that the
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isolation techniques affect not only purity and cell yield

of resulting monocytes and MDMs, but also have great

impact on monocyte subtype and MDM polarization

state.

No isolation technique is optimal for all scientific pur-

poses and native unchanged monocytes cannot be

obtained with any of the methods. For instance, all three

methods resulted in lower monocyte expression of the

M2 macrophage marker CD163, which may be due to

TLR activation during processing, resulting in shedding

of membrane-bound CD163.25 Hence, it is important to

know the specific effects of each isolation technique to

select the method best suited for the experimental pur-

pose and to control and understand the experimental

conditions. Previous comparison studies have focused on

monocytes and monocyte-derived dendritic cells7–20 (see

Supplementary material, Table S1), but have not evalu-

ated the effects of the resulting MDM phenotypes and

polarizing potential.

Plastic adhesion isolation is simple and inexpensive,

and monocytes obtained displayed a similar distribution

of classical, intermediate, and non-classical subpopula-

tions as PBMCs. However, monocyte yield was signifi-

cantly lower than for the immune-based methods, and

plastic adhesion monocytes displayed high contamination

with lymphocytes. Furthermore, plastic adhesion may

directly induce a pro-inflammatory activation,26,27 and we

did observe a decreased monocyte CD14 expression along

with increased HLA-DR expression. In contrast, negative

and CD14pos selection generally resulted in high mono-

cyte yields without lymphocyte or granulocyte contamina-

tion, which is in agreement with previous studies.9,12,16

Negative selected monocytes, however, showed extensive

platelet contamination in agreement with another study.9

More importantly, because of the specific removal of

CD16pos cells by negative selection, the distribution of

resultant monocyte subpopulations was very different

from PBMCs, consisting almost exclusively of classical
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lating factor (M-CSF) and granulocyte–macrophage colony-stimulating factor (GM-CSF). After maturation, MDMs were stimulated with media

(UT), lipopolysaccharide (LPS) + interferon-c (IFN-c), interleukin-4 (IL-4) + IL-13, or IL-10 for 24 hr. Gene expression of (a) IL-6, (b) tumor
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monocytes. As intermediate and non-classical monocytes

are believed to have specific functions in vivo,28 negative

selection should not be employed when ex vivo studies

require representative monocyte populations. On the

other hand, CD14pos selection may carry the risk of alter-

ing the cells’ phenotype and potentially induce cell activa-

tion.10,11,14,16–18 Indeed, we observed CD14pos selection

resulted in decreased monocyte expression of CD14, pos-

sibly due to internalization of the receptor after binding

anti-CD14 conjugated magnetic beads or shedding of the

receptor.

Very little research has been conducted to evaluate how

monocyte isolation techniques affect resulting MDMs and

their polarization potential. Similarly, to plastic adhesion

monocytes, unstimulated plastic adhesion-derived MDMs

also presented with a more pro-inflammatory phenotype,

with high surface expression of CD80 and HLA-DR and

low CD163 expression. CD14pos selection also resulted in

unstimulated MDMs skewed towards a more pro-inflam-

matory phenotype with higher release of IL-6 and TNF-a
than negatively selected cells, which showed a stronger

M2c polarization with higher CD163 mRNA and surface

expression. Despite being cultured and matured for

5 days, unstimulated MDMs still displayed different phe-

notypes as a result of different monocyte isolation meth-

ods.

Along with the risk of pro-inflammatory activation, as

described for monocytes with plastic adhesion and

CD14pos selection, the presence of platelets in negative

selection may have driven MDM differentiation towards a

more anti-inflammatory profile. Although platelet con-

tamination diminished during MDM maturation, mono-

cytes cultured in the presence of platelets have been

shown to differentiate into MDMs with high CD163

expression.29 Further, the presence of contaminating lym-

phocytes in plastic adhesion MDM may also
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lating factor (M-CSF) and granulocyte–macrophage colony-stimulating factor (GM-CSF). After maturation, MDMs were stimulated with media
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hypothetically affect both maturation and polarization of

the MDMs. The differences observed in monocyte sub-

populations may also affect the resulting MDM pheno-

type. Although all monocyte subpopulations are able to

differentiate to MDMs, their resulting MDM phenotype

has been observed to differ.30

Despite the differences observed in unstimulated

MDMs, all isolation methods produced functional MDMs

able to polarize as expected in response to M1, M2a, and

M2c stimulation.2,3 However, we still observed important

differences in MDM phenotypes in relation to the isola-

tion methods applied. For instance, we observed a low

release of TNF-a, sCD163, and sCD206 in the soluble

cytokine and protein profile in plastic adhesion MDMs.

This may be the result of the high lymphocyte contami-

nation and therefore lower MDM concentration. This

emphasizes that thorough considerations regarding the

potential impact of massive lymphocyte contaminations

on study results are needed before plastic adhesion is

used for monocyte purification.

In conclusion, we have compared three methods com-

monly used to isolate monocytes for in vitro studies and

showed that choice of isolation technique can signifi-

cantly affect the phenotype of both monocytes and

derived MDMs. Even after 5 days of culture and matu-

ration, MDMs still display a phenotype that is impacted

by the isolation method. This highlights the importance

of considering the monocyte isolation method to be

used based on the subsequent experiments to be per-

formed.
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